The paper presents the experimental verification of the most frequently used ductile fracture criteria based on authors own experimental results and numerical calculations. Attention is drawn to the large discrepancy of results of fracture prediction and experimental data for six considered criteria. Based on own results, a new ductile fracture criterion for notched specimens is proposed. In the criterion, it is assumed that fracture initiation occurs when the maximum normal stress reaches a critical value depending on the maximum value of plastic shear strain.
Introduction
Exploration of the phenomena associated with ductile fracture of materials continues over 50 years. Attempts to describe ductile failure are carried out at two scales. The microscopic, where fracture is a result of complex physical processes (Thomason, 1990; Öchsner et al., 2001; Bandsta and Koss, 2004) , and the macroscopic where fracture is assumed to be caused by state variables which are components of the stress and strain tensor and their variation during load (Bao, 2001 (Bao, , 2005 . Starting from the work by McClintock (1968) , continuously more and more new fracture criteria are created showing how important the problem is. Yanshan et al. (2012) proposed a new ductile fracture criterion to model fracture behavior of sheet metals for nucleation, growth and shear coalescence of voids during plastic deformation. Komori (2005) showed the effect of various ductile fracture criteria on crack initiation and propagation during shearing and tensile tests. Yanshan and Hoon (2013) presented evaluation of ductile fracture criteria in a general three-dimensional stress state of stress triaxiality, the Lode parameter and the equivalent plastic strain to fracture. Ma et al. (2015) presented damage evaluation in tube spinnability test using ductile fracture criteria.
This study aims to select appropriate ductile fracture criteria (DFCs) in terms of damage limits which have been obtained by mechanical tests, to accurately predict the forming limit and damage evolution in the tube spinability test. Chena et al. (2015) calculated the sheet metal forming limit prediction based on the general plastic work criterion and some ductile fracture criteria. There is a continuing need to develop new and verify the existing criteria. Most of them are due to the used material parameters and components of the stress or strain tensor which is very complicated and often difficult to verify. Therefore, it is necessary to create a fracture criterion, which is sufficiently simple and not containing many difficult to determine parameters in order to predict fracture of material. Based on the authors' own research results (Derpeński, Seweryn, 2011 , Derpeński, Seweryn, 2013 , verification of selected ductile fracture criteria and formulation of authors' own stress fracture criterion, in which the critical stress value depends on the value of the maximum plastic shear strain, is presented.
Experimental tests
The main stage of experimental tests is the analysis of fracture in specimens with circumferential notches (Fig. 1 ) whose dimensions have been selected so that different states of stress could be obtained in the plane of notch symmetry (Derpeński and Seweryn, 2011) . The dimensions of the specimens selected for the analysis are listed in Table 1 . .0 r k -notch radius; φ k -specimen diameter at the root of the notch; 2H -height of the specimen; D -diameter of the specimen The specimens have been extended by applying forced displacement controlled by means of an extensometer with its measurement base of 25 mm (Fig. 2) . As a result of the conducted tests, the authors recorded the relations between the tensile force and the elongation of the measurement base (l 0 = 25 mm) for each notch, particularly the maximum (critical) displacement of the measurement base u c and the critical force F c causing fracture initiation in the specimen. The moment of fracture initiation indicates a significant decrease in the force value in the force-displacement graph. Table 2 and 3 present the results of tests on specimens with notches in different shapes as well as the averaged values of four specimens: the maximum displacement u c and the critical force F c . Figure 3 presents the dependence of the constant diameter at the root of the notch φ k . The curves shown in the graphs are the average values of four repetitions conducted for each type of the specimen. 
Numerical research
The stress and strain distribution in the specimens with notches made of aluminum alloy EN-AW 2024 have been defined according to MSC.MARC software (Derpeński and Seweryn, 2013) . The calculations allowed for the axial as well as notch symmetry. Four-nodal isoparametric finite elements have been applied. Geometric and material non-linearity has been taken into consideration. For all the samples undertaken, in the plane symetry of notches, the same division of finished elements has been used. For all specimens, in the surface of notch symmetry, identical finite elements have been applied. The following boundary conditions are applied in calculations (Fig. 5) : the axial symmetry of the geometric model (u r = 0 on the specimen axis), notch symmetry (u z = 0 on the surface of the notch symmetry). The load of the numerical calculation has been realized with the help of the set displacement uc of the measurement base, which have been calculated for each specimen type directly as a result of the experiment.
In order to describe the dependence between the stress σ zz and the axial strain ε zz in the specimens, an elastic and plastic material model with isotropic hardening has been applied. The Huber-von Misses plasticity yield criterion has been applied. The curve of material hardening has been approximated with a broken line (straight segments). The shape of the hardening curve up to necking has been determined directly from the experiment. The remaining curve range has been defined with a repeated numerical calculations, taking the necking effect into consideration up to the moment when the shape of the curve force-displacement (F -u) from the numerical calculations was close to the value of the curve force-displacement from experimental research. Figure 6 shows the actual hardening curves σ-ε received in the complete range for aluminum alloys. Based on numerical results (Derpeński and Seweryn, 2013) , it is found that the distribution of σ 1 depends on the size of r k . For notches with larger radii (r k 2 mm), these values are located on the axis of the specimen. In the case of notches with smaller radii (r k < 2 mm), the maximum value of σ 1 is found near to the notch root.
It should be noted that in the case of specimens with r k = 0.3 and r k = 0.5 mm, the plasticization has not taken place in the entire cross-section of the symmetry plane of the notch. In specimens with r k = 1 and r k = 2 mm, at the moment of fracture initiation, complete plasticization the cross-section in the plane symmetry of the specimen occured. Although, the difference in values of stresses at the notch root and at the axis are very wide. Almost equal plasticization takes place in the whole cross-section at the remaining specimens with notches (r k = 4, 8, 15, 30 mm). From the experimental research (Derpeński and Seweryn, 2011) , it is known that the surface of the fracture depends on the notch radius, and partially or fully cover with the plane of symmetry of the notch. Therefore, the distributions of stress and strain fields are subjected to detailed analysis in the plane of symmetry of the notch where the fracture initiates. Figures 7-9 present selected distributions: stress and plastic strain tensor components, the maximal plastic transverse strain at the critical load. The values of r (distance from the axis of specimen) are normalized by φ k . In Table 4 for EN-AW 2024 aluminum alloy, values of the stress and plastic strain tensor components at the notch root and at the point of the maximum normal stress at the moment of fracture initiation are given. 
where σ eq is the equivalence strain, ε f -equivalence strain at the moment of fracture initiation, σ -stress tensor, C -material constant. The stress function f (σ) is proposed as various interdependencies between the components of the stress tensor, hydrostatistic stress, maximum and equivalence stress. The constant C plays a role similar to the damage state variable in the 
where σ eq is the equivalence stress (in the Huber-von Mises sense), σ max -maximum normal stress, σ H -hydrostatistic stress, ε eq -equivalence strains (in the Huber-von Mises sense). Authors' own numerical calculations (Derpeński and Seweryn, 2013) show that at the moment of the critical load, the maximum equivalence strain ε f and maximum stress σ max , depending on the shape of the notch, appear in two places:
• ε f -at the axis of the specimen (r k = 8, 15, 30 mm) and at the notch root (r k = 0.3, 0.5, 1, 2, 4 mm),
• σ max -near the notch root (r k = 0.3, 0.5, 1 mm) and at the axis of the specimen (r k = 2, 4, 8, 15, 30 mm).
Therefore, numerical calculations for these six criteria have been performed at the point where the maximum stress values σ max appeared (in the plane of notch symmetry) and at the notch root. The values of function f (σ) and equivalent strain for increasing displacement of the measurement base ∆u have been calculated. Then, on the basis on each criterion, the value of C coefficient has benn calculated. As a result, two values of C coefficient for the assumed material, and type of the notch (at the notch root and at the point of maximal normal stress) have been obtained. The calculation results for the aluminum alloy EN AW 2024 are shown graphically in Fig. 10 .
For each of the selected criteria (for specimens with different values of the notch radius r k and the diameter at the notch root φ k ), the average value of the critical coefficient C and the relative standard deviation s/C for these results have been determined. They are presented in Table 5 .
The verification of ductile fracture criteria known from the literature shows large discrepancy between the results of the calculations and experimental data, namely:
• Standard deviation s, in reference to the average critical value of coefficient C, ranges from 10% to 17%;
• The maximum error for prediction of the fracture of specimens with notches fluctuates from 18% to 43%; Table 5 . Critical values of coefficient C 
• With the two parameters defining the shape of the notch in the specimen, the notch radius r k has larger influence on the dispersion of critical values of the coefficient C than the diameter at the notch root φ k .
Therefore, the use of these ductile fracture criteria in practical engineering calculations requires extreme caution and should be limited to special cases documented experimentally.
New ductile fracture criteria for specimens with notches
The experimental verification of the selected ductile fracture criteria shows that they are not very precise in predicting fracture of aluminum alloys in which there are stress concentrators in form of notches of different shape. Therefore, the authors' own experimental research results and numerical modelling have been used to develop a new fracture criterion.
In the case when the fracture initiation occurs at the axis of symmetry of the specimen (specimens with notch radii r k > 2 mm), the fracture plane is perpendicular to the direction of loading. In this plane, large normal stress values appear, which determine the fracture. In the proposed fracture criteria for specimens with notches, it is assumed that the fracture initiation appears when normal stress in this physical plane reaches critical values, depending on the isotropic damage state variable ω due to plastic flow of the material, namely
where σ c is the critical stress for an undamaged material, x 0 -position vector which determines location of the fracture initiation. The isotropic damage state variable ω in the proposed criterion, in the case of monotonic loads, depends on the value of the maximum plastic shear strain γ p
where γ p c is the critical plastic shear strain. In the case of the examined aluminum alloy, the following critical values have been determined: σ c = 876.5 MPa, γ p c = 2.42. In figures below, the following indicators of points obtained from the experimental research and numerical analysis are used: the first number shows r k , and the second (after the dash) shows φ k . In the figures, the places of points outermost from the line defining the proposed ductile fracture criterion are marked by the dashed line. Fig. 11 . Dependence of the critical normal stress on the maximum plastic shear strain. Fracture at the axis of the specimen
Another situation is faced in the case of specimens with small radii of notches. It is important to investigate two potential places for fracture initiation:
• the notch root, where the maximum plastic transverse strain appears,
• the point at a certain distance from the notch root, where there is maximum normal stress value.
In both cases, the fracture plane is perpendicular in the direction of the load and is covered by the plane of symmetry of the notch. Figure 12 shows the normal stress σ max and the maximal plastic shear strains γ p max in both the above-mentioned points for the specimens with small notch radii. It is important to note that all values lie significantly below the line marking fracture condition (5.1) and (5.2) (Fig. 11) . It can therefore be concluded that the state of damage inside the material is different than in a thin layer near the free surface. It is assumed that the machining process, which has been used for blanking the notches, has made the initial damage to the material. In the course, for example, of machining in the vicinity of the tool tip, a plastic zone through which the fracture surface passes (separation surface of a material) occurs. In this zone, large plastic strains appear, similar to those in the plastic zone ahead the crack tip. The part of this zone remains during the machining, hence also, in some thin layer in the vicinity of the free surface the plastic strain remains, and so the associated to them preliminary damage of the material. This is also why, in the case of the free surface, it is necessary to modify formula (5.2) in the following way
where ω 0 is the preliminary damage of the material on the free surface resulting from the manufacturing process. Taking into consideration the material damage ω 0 on the surface of the notch, one can predict the fracture of the specimens with notches with a small radius (r k 2 mm). It is necessary to take into account much larger values for plastic strains (as well as the maximum plastic shear strains γ p max ) for those specimens at the notch root. It can be therefore assumed that the fracture initiation in the specimens with small radii of the notch r k appears at the notch root. Figure 12 shows that the points obtained from the experimental research and numerical analysis for the values of stress and strain at the notch root are close to fracture condition (5.1) and (5.2). For these points, the value of the preliminary material damage ω 0 = 0.087 has been obtained.
The fracture condition on the surface of the notch is fulfilled for all specimens with notches, in which the maximum normal stress and plastic shear strain (at the moment of fracture initiation) are not located on the axis of symmetry. The same situation we have in the case of notches with the following parameters: r k = 0.3 mm; φ k = 6 7, 8 mm; r k = 0.5 mm; φ k = 6, 7, 8 mm; r k = 1 mm; φ k = 6, 7, 8 mm; r k = 2 mm; φ k = 7, 8 mm.
Conclusion
On the basis of the earlier experimental research conducted on specimens with notches made of aluminum alloys EN-AW 2024, it follows that the normal stress vector component on the critical plane determines the fracture. This plane, in the case of tensile specimens with notches, is perpendicular to the load direction. It is assumed that the value of the critical normal stress dependents on the maximal plastic shear strains, assuming that the accumulated damage (and material weakening) occurs faster on the free surface than on the inside of the material. Through the assumptions made, the formula of the proposed fracture criterion is characterized by a simple relationship. It is also important to note that a better correlation of the results of calculations on the basis of the proposed criterion with the experimental research has been obtained than in the case of the verification criteria found in the literature. The mean error for fracture prediction of the specimens with notches has been found 1.6%, whereas the maximum error of the modeling 4.6%
